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INTRODUCTION

Abstract

Guillain—Barré syndrome (GBS) is an acute inflammatory and immune-mediated demy-
elinating disease of the peripheral nervous system (PNS). Macrophages play a central
role in its animal model, experimental autoimmune neuritis (EAN), which has been well
accepted. Additionally, nuclear factor (NF)-kB inhibitors have been used to treat cancers
and have shown beneficial effects. Here, we investigated the therapeutic effect of M2
macrophage and the NF-kB pathway’s correlation with macrophage activation in EAN
in C57BL/6 mice. We demonstrate that M2 macrophage transfusion could alleviate the
clinical symptoms of EAN by reducing the proportion of M1 macrophage in the peak pe-
riod, inhibiting the phosphorylation of NF-kB p65. The NF-«kB inhibitor (BAY-11-7082)
could alleviate the clinical symptoms of EAN and shorten the duration of symptoms by
reducing the proportion of M1 macrophages and the expression of proinflammatory cy-
tokines. Consequently, BAY-11-7082 exhibits strong potential as a therapeutic strategy
for ameliorating EAN by influencing the balance of M1/M2 macrophages and inflamma-

tory cytokines.
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[5,6]. In GBS and EAN, M1 macrophages are involved in
the inflammatory impairment of the myelin sheath through

Guillain—Barré syndrome (GBS) is a common autoim-
mune disease characterized pathologically by inflammation
and demyelination in the peripheral nervous system (PNS)
[1,2]. Experimental autoimmune neuritis (EAN) is a clas-
sic animal model of GBS, which has been widely used in
basic research of GBS [3,4]. After activation, macrophages
can be divided into proinflammatory M1 macrophages and
anti-inflammatory M2 macrophages, and new research has
recently found that the M3 switch phenotype also exists

promoting cellular cytotoxicity and producing T helper type
1 (Thl) cytokines. M2 macrophages contribute to repairing
myelin and axon by promoting the Th2 immune response and
secretion of anti-inflammatory cytokines [7-9]. Several stud-
ies have demonstrated that the switch from M1 to M2 could
effectively ameliorate the severity of EAN [7,10,11].
Nuclear factor kappa B (NF-kB) is an inducible transcrip-
tion factor expressed in a large number of cells and is involved
in immune and inflammatory responses [12]. Moreover, the
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activated form p65 of NF-kB has been observed in the sural
nerve macrophages of acute and chronic inflammatory de-
myelinating polyneuropathy (AIDP, CIDP) and the sciatic
nerves of rats with EAN, suggesting that NF-kB is attributed
to inflammatory demyelination. Currently, there have been
very few studies demonstrating the role of NF-xB in the
course of polarized macrophages [13,14]. However, research
examining the relationship between macrophages and NF-xB
in this process has been controversial.

The objective of this study was to assess the effect of M2
macrophages in treating EAN and to explore the role of the
NF-xB regulating macrophage subtype. Our results show that
M2 macrophages were effective in treating EAN by inhibit-
ing the activation of NF-kB p65 and the production of proin-
flammatory cytokines. The NF-kB inhibitor, BAY11-7082,
attenuated the severity of EAN by inhibiting the NF-«xB path-
way and the polarization of M1 macrophages.

MATERIALS AND METHODS
Animals

Male C57BL/6J mice, 5-6 weeks old, were purchased from
the Beijing Vital River Laboratory Animal Technology
Co., Ltd (Beijing, China). Mice were housed in pathogen-
free conditions and fed with food and water ad libitum. The
study was approved by the local ethics committee of The
First Hospital of Jilin University, Changchun, China, and all
experimental procedures complied with the regulations for
the management of laboratory animals in the Jilin Province
(Ethical approval number: 2017-216).

Induction and clinical evaluation of EAN

EAN was induced by immunizing mice twice (days 0 and
8) by subcutaneous injection inoculum containing 150 pg PO
peptides 180—199 (GenScript, Piscataway, New Jersey, USA)
and 0.5 mg Mycobacterium tuberculosis (strain H37 RA,;
Difco, Franklin Lakes, New Jersey, USA) in 25 ml saline and
25 ml Freund’s incomplete adjuvant (FIA; ICN Biomedicals,
Costa Mesa, California, USA) into the backs of the mice.
All mice were injected with 400, 300 and 300 ng pertussis
toxin (PTX; Merck, Whitehouse Station, New Jersey, USA)
via tail veins on days —1, +1 and +3, respectively. Using
a blinded protocol, the clinical signs of EAN were scored
immediately before immunization (day 0) by two differ-
ent examiners as follows until day 30: 0 = normal; 1 = less
lively, reduced tonus of the tail; 2 = flaccid tail; 3 = abnor-
mal gait; 4 = gait ataxia; 5 = mild paraparesis; 6 = moderate
paraparesis; 7 = severe paraparesis; and 0.5 = intermediate
clinical signs. The control group is treated in the same way as

mentioned above, but without adding PO peptides 180-199.
Experiments were replicated three times (n = 10).

BAY11-7082 prevented and treated EAN

BAY11-7082 (Beyotime, Nantong, China) was dissolved in
1% dimethyl sulfoxide (DMSO) in phosphate-buffered saline
(PBS). EAN mice were divided into three groups (control,
preventative and therapeutic). For preventative treatment,
BAY11-7082 solution was administered by intraperitoneal
injection (20 mg/kg) from days 2 to 8 post-immunization
(p-i.) every 2 days. For therapeutic treatment, BAY11-7082
solution was administered in the same way as the preventa-
tive treatment at the same dose from the day on which the
onset of symptoms (day 10) was observed to day 16 every 2
days. Control animals with EAN received the same volume
of the vehicle solution (1% DMSO in PBS). Clinical signs
in the mice were assessed using the same protocol described
as above. Experiments were replicated three times (n = 10).

Flow cytometry

The spleens were removed under aseptic conditions at dif-
ferent phases of disease (onset, peak and recovery), and
splenocytes were harvested after lysing red blood cells.
Spleen mononuclear cells (MNCs) with 1 X 10° resuspended
in 100 pl PBS 1% bovine serum albumin (BSA) were first
stained with F4/80 (Biolegend, San Diego, California, USA),
CDI11b (BD Pharmingen, San Diego, California, USA),
CD206 (Biolegend), Arg-1 (R&D Systems, Minneapolis,
Minnesota, USA) and CD40 (BD Pharmingen), fixed and
permeabilized with the fixation/permeabilization solution kit
for 20 min (BD Pharmingen), and then stained with antibody
for intracellular inducible nitric oxide synthase (iNOS) (eBi-
oscience, San Diego, California, USA).

In order to observe the M2 macrophage proportion be-
fore the treated M2, the cultured macrophages were har-
vested and resuspended at 1 X 10° cells in PBS, then stained
by F4/80-phycoerythrin-cyanin 7 (PE-Cy7) (Biolegend),
CD11b-fluorescein isothiocyanate (FITC) (BD Pharmingen),
CD206-BV650 (Biolegend) and arginase 1-allophycocyanin
(Arg-1-APC) (R&D Systems) for 45 min at room tempera-
ture (RT). Flow cytometric data were acquired using a fluo-
rescence activated cell sorter (FACS) Aria™ flow cytometry
(BD Biosciences, San Jose, California, USA) and analyzed
with FlowJo software version 7.6.1 (flowjo.com).

In FACS analysis, both F4/80 and CD11b-positive were
calculated as macrophages. In macrophages, both iNOS-
and CD40-positive were identified as M1 macrophages,
and either CD206- or Arg-1-positive was identified as M2
macrophages.
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Macrophages cultured in vitro and transferred
to EAN mice

After lysis of the red blood cells, the collected bone marrow
cells from femur and tibia were grown in complete RPMI-
1640 medium (GiBco, Waltham, Massachusetts, USA)
containing 10% fetal bovine serum (FBS, Sigma Aldrich,
St Louis, Missouri, USA), penicillin (100 U/ml; Hyclone,
Logan, Utah, USA) and streptomycin (100 U/ml; Hyclone).
A total of 1 x 10° cells were seeded into 96-well plates, then
stimulated with macrophage colony-stimulating factor (M-
CSF) (10 ng/ml; Pepro-Tech, Rocky Hill, New Jersey, USA)
for 48 h, followed by lipopolysaccharide (LPS) (10 ng/
ml; Solarbio, Beijing, China) for M1 macrophage or IL-4
(10 ng/ml; PeproTech) for M2 macrophage was added and
incubated for another 48 h. Thereafter, cells were washed
three times by PBS to prepare for flow cytometry. The
staining procedure was similar to that of the spleen cells, as
mentioned above. Cultured cells (M2 macrophages) stimu-
lated with M-CSF and IL-4, respectively, were harvested
and incubated with PO (20 pg/ml) peptide for 4 h at 37°C.
After washing with PBS twice, the cells were transferred
into EAN mice (0.1 ml, 1 X 10° cells for each mouse) via
the caudal vein.

The other cultured cells (M1 and M2 macrophages) were
added by Bay11-7082 (1 uM) and incubated for 48 h, then 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution and dimethyl sulfoxide (150 ul) were added
to each hole.

Cytokine cytometric bead array (CBA)

Serum was obtained by centrifugation of blood samples at
1509g for 15 min at 4°C. The levels of IL-1p, IL-4, IL-6, IL-
10, IL-12p70, IL-17A and TNF-a were measured using CBA
kits (BD Biosciences), as per the manufacturer’s instructions.

Western blot analysis

The samples of protein from sciatic nerves were loaded
into 12% sodium dodecyl sulfide—polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel, then transferred to polyvi-
nylidene difluoride (PVDF) membrane (Millipore, Billerica,
Massachusetts, USA). The following antibodies were used:
rabbit anti-NF-kB p65 and anti-NF-kB p-p65 monoclonal an-
tibody (Cell Signaling Technology, Danvers, Massachusetts,
USA, 1:1000); B-actin (Bioss, Beijing, China, 1:2000) and
the corresponding horseradish peroxidase (HRP)-conjugated
secondary antibodies (Bioss; 1:1000). The blots were devel-
oped with the enhanced chemiluminescence kit (Amersham
Imager 600; GE Healthcare, Chicago, Illinois, USA).

Densitometric analysis of Western blots were performed
using Imagel software.

Statistical analysis

All experiments were repeated three times with 10 mice in
each group and data were expressed as mean + standard
error of the mean (SEM). Student’s #-test was used for com-
parisons between two groups. Two-way analysis of variance
(ANOVA) was used to compare the score and weight of the
two groups. For all statistical analyses, the level of signifi-

cance was set at p < 0.05.

RESULTS
Clinical course of EAN

All mice immunized with PO peptides 180-199 in combina-
tion with complete Freund’s adjuvant (FCA)-acquired EAN.
In our experiment, the onset of clinical symptoms of EAN in
mice occurred on day 10 p.i. After the peak phase, the sever-
ity scores of EAN decreased. On day 14 EAN mice began to
recover. The other mice immunized with PBS and FCA as
controls did not show symptoms of EAN (Figure 1).

M2 macrophage treatment attenuated clinical
severity in EAN

On the 8th day after culture of M2 macrophages induced by
M-CSF and IL-4 in vitro, we evaluated the proportions of
macrophages and M2 macrophages by flow cytometric anal-
ysis. The proportions of macrophages and M2 macrophages

31 -o- EAN: PO+FCA
-# Control: PBS+FCA

clinical score
-

0
10 20 30
days post immunization
FIGURE 1 The clinical scores of experimental autoimmune

neuritis (EAN) after immunization. EAN was induced in C57BL/6

mice by immunization with PO peptides 180—199 in combination with
complete Freund’s adjuvant (FCA). The mice in the control group
received FCA only. The statistically significant differences occurred
from days 10 to 15 post-immunization (p.i.) (p < 0.05 at each time-
point). The mean peak clinical scores were 2.6 + 0.47 in the EAN group
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were identified as 98.48 + 0.189% and 94.60 + 1.407%, re-
spectively (Figure 2a).

M2 macrophages were administered via the caudal vein
from days 8 to 14 p.i. (0.1 ml, 1 X 10° cells, once every 2
days) to treated EAN mice. Our results showed that that
the clinical scores of EAN were significantly lighter in
the M2 macrophage-treated group from days 8 to 20 p.i.
compared to the control EAN group (p < 0.05) (Figure
2b). Additionally, the duration of symptoms was markedly
shorter in the M2 macrophage-treated group than the con-
trol group receiving PBS.

M2 macrophage treatment reduced the
expression of M1 macrophages and reduced the
activation of NF-xB in EAN

The flow cytometric data displayed a reduced expression of
M1 macrophages (both CD40- and iNOS-positive) compared

to the control group (p < 0.05) and elevated expression of M2
macrophages (either CD206- or Arg-1-positive) from spleen
MNCs (p < 0.05) (Figure 2c,d).

Western blotting results indicated that M2 macrophage
treatment reduced the expression of NF-kB p-p65 in sciatic
nerves of EAN mice during the peak phase compared to the
control group (p < 0.05) (Figure 2e).

M2 macrophage treatment inhibited the
levels of inflammatory cytokines in serum

When compared to the control group, a significant reduc-
tion in the expression of inflammatory cytokines, including
IL-1p, IL-17A, TNF-a and IL-6, were observed in the M2
macrophage treatment group (p < 0.05). In contrast, the lev-
els of the anti-inflammatory cytokines IL-4 and IL-10 in M2
macrophage treatment group tended to rise. However, there
was no significant difference regarding the expression of
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FIGURE 2 M2 macrophage-treated experimental autoimmune neuritis (EAN). (a) Macrophage colony-stimulating factor (M-CSF)

and interleukin (IL-4)-induced M2 macrophages. On the 8th day after in-vitro culture, we evaluated the proportions of macrophages and

M2 macrophages. According to flow cytometric analysis, the proportions of macrophages and M2 macrophages were 98.48 + 0.189% and
94.60 + 1.407%, respectively. (b) M2 macrophages treatment ameliorated the severity of EAN. We administered M2 macrophages (0.1 ml, 1 x 10°

cells) to EAN rats via the caudal vein from days 8 to 14. The scores for the severity of EAN decreased in the M2-treated group compared to rats

in the control group (p < 0.05). Notably, in the M2-treated group, the duration of clinical symptoms was shorter than the control group. (c—d) The

percentage of M1 macrophages was reduced and the percentage of M2 macrophages was increased in spleen mononuclear cells (MNCs) of the M2

macrophage-treated group compared to the control group. (€) M2 macrophage treatment reduced the level of p-p65 in sciatic nerves of EAN mice
during the peak phase when compared to the control group. (f) The levels of interleukin (IL)-17A, IL-1p, IL-6 and tumor necrosis factor (TNF)-a
decreased greatly compared to the control group. No marked differences appeared for the expression of IL-12, IL-4 and IL-10 among the two

groups, but the levels of IL-4 and IL-10 increased, although there was no significance
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IL-4, IL-10 and IL-12 between the control and M2 treatment from days 10 to 16. Our results showed that the EAN se-
groups (Figure 2f). verity scores were decreased in both the preventative and
treated groups with BAY11-7082 compared to control
EAN groups, and the preventative group clinical score
BAY11-7082 treatment suppressed the was more significant. However, the onset of EAN was de-
severity of EAN in mice layed in the preventative group, and the duration of symp-
toms was shorter than both therapeutic and control groups
BAY11-7082 was applied using two different patterns to (Figure 3a).
treat EAN mice (Figure 3a). For the preventative group, According to the Western blotting results, the expres-
BAY11-7082 was administered from day 2 to the onset sion of p-NF-xB p65 was inhibited in the preventative group
of clinical signs of EAN (day 8 p.i). For the therapeutic treated by BAY11-7082 compared to the control group
group, the same dose of BAY11-7082 was administered (Figure 3b).
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FIGURE 3 BAY11-7082 treatment ameliorated the severity of experimental autoimmune neuritis (EAN). In a preventative treatment
paradigm, BAY11-7082 was administered from days 2 to 8 (20 mg/kg, once every 2 days) to EAN mice. The same dosage was applied in a
therapeutic treatment paradigm from days 10 to 16. (a) EAN clinical scores were markedly better in BAY11-7082-preventative groups. The mice in
the preventative group displayed notably better clinical scores from days 8 to 16 with the control group, but there no marked differences appeared
for the clinical scores between the therapeutic and control groups. (b) BAY11-7082 treatment inhibited production of p-p65 in sciatic nerves

of EAN mice. The BAY11-7082-preventative group had a significantly decreased expression of p-p65 compared to BAY 11-7082 therapeutic

and control groups. The expression of p-p65 in the BAY 11-7082 therapeutic group was reduced when compared to the control group, but the
differences were not significant. (c) The BAY11-7082-preventative group reduced the percentage of M1 macrophages and increased the number of
M2 macrophages compared to the therapeutic and control groups. (d,e) BAY11-7082 inhibited the proliferation of M1 macrophages, whereas the
proliferation of M2, despite the differences, was not significant compared to control group in-vitro studies. (f) The levels of tumor necrosis factor
(TNF)-a, interleukin (IL)-12 and IL-6 decreased greatly in the preventative treatment group compared to the control and therapeutic treatment
groups. No marked differences appeared for the expression of IL-17, IL-1p, IL-4 and IL-10 among the three groups, but the levels of IL-4 and IL-
10 increased although there was no significance
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BAY11-7082 promoted M2 macrophage
polarization in EAN mice

The proportion of M1 and M2 cells in spleens of EAN mice
received BAY11-7082 in treatment/preventative groups was
investigated via flow cytometry analysis. The results indi-
cated that the proportion of M2 was elevated significantly
in the preventative group compared to the control group
(p < 0.01). Interestingly, the proportion of M1 was reduced
significantly in the preventative group compared to the con-
trol group (p < 0.05), suggesting that BAY11-7082 was able
to promote macrophage polarization to M2 type (Figure 3c).

To explore the mechanisms behind the effects of
BAY11-7082 suppressing EAN, M1 and M2 macrophages
were cultured in vitro, respectively, and half of them were
added by BAY11-7082 as an experimental group. The ac-
tivity and proliferation of M1 and M2 macrophages were
evaluated by the MTT method. The results showed that
BAY11-7082 inhibited the activity and proliferation of M1
macrophages significantly compared to the control cultures
without BAY11-7082 (p < 0.001), whereas BAY 11-7082 up-
regulated the activity and proliferation of M2 in spite of the
differences and was not significant compared to the control
culture group (Figure 3d,e).

BAY11-7082 altered the expression of cytokines

The expression of inflammatory cytokines shapes the
outcome of EAN [15]. We used CBA to confirm the rel-
evant changes in cytokines of EAN after treatment with
BAY11-7082; that is, the expressions of TNF-a, IL-6 and
IL-12 were greatly reduced in the BAY11-7082 preventative
group compared to control and therapeutic groups (p < 0.01)
(Figure 3f). However, there were no marked differences for
the expression of IL-4, IL-10, IL-1p and IL-17A among the
three groups (Figure 3f). Also, differences regarding the ex-
pression of cytokines mentioned above in the control and
therapeutic groups were meaningless.

DISCUSSION

In this study, we used EAN mice to explore the effects of M2
macrophages and BAY11-7082 as an NF-«xB inhibitor on this
disease. Our results showed that M2 macrophages amelio-
rated the clinical signs and reduced the duration of symptoms
of EAN by inhibiting M1 macrophage and cytokine accu-
mulation and increasing M2 macrophage polarization via in-
hibiting the NF-kB signaling pathway. BAY11-7082 could
also diminish EAN symptoms and delay the onset of EAN
by reducing M1 macrophage and proinflammatory cytokine
accumulation and increasing M2 macrophage proportion in

preventive group. In vitro, BAY11-7082 inhibited the activ-
ity and proliferation of M1 macrophages, which was simi-
lar to other results [16]. Overall, these results demonstrated
that the NF-xB signaling pathway may be involved in the
pathogenesis of EAN by regulating the polarization of mac-
rophages and inhibiting the expression of inflammatory cy-
tokines. The results of adoptive transfer of M2 macrophages
into EAN mice displayed the marked beneficial effects on
EAN by inhibiting the activation of NF-kB.

Macrophages play very important roles in GBS, which
are broadly divided into two phenotypes: proinflammatory
macrophages (M1) and anti-inflammatory macrophages (M2)
[14,17]. M1 macrophages secrete proinflammatory cytokines
that cause tissue damage and disease development, whereas
M2 macrophages express high levels of anti-inflammatory
molecules to reduce inflammation and promote disease
recovery [14,18]. Macrophages play either a pro- or anti-
inflammatory role in the different stages of GBS [19]. M1
cells can promote the expression of major histocompatibility
complex II (MHC-II), adhesion molecules, reactive oxygen
intermediates (ROI), amplify Thl response via exosomes
and inflammatory cytokines, resulting in inflammation, bro-
ken brood—nerve barrier (BNB) and demyelination [3,20]. In
contrast, M2 macrophages exert a neuroprotective role in the
pathogenicity of EAN [21]. M2 macrophages may contribute
to the spontaneous remyelination and regeneration of the axon
[22,23] by promoting T cell apoptosis, suppressing inflamma-
tory responses [9], clearing myelin and axonal debris [18] and
inducing the secretion of anti-inflammatory cytokines such as
IL-10 and transforming growth factor (TGF)-f [24].

In agreement with those findings, the present study
showed that the improved outcome of EAN was associated
with a higher proportion of M2 macrophages and the M2
macrophage polarization was increased in the M2 treatment
group. In addition, the role of BAY11-7082 inhibiting EAN
is clearly related to shifting macrophages from M1 to M2
type, as shown by the evidence, with a higher percentage of
M2 macrophages and a lower percentage of M1 macrophages
in EAN treated by BAY11-7082.

NF-kB is an inducible transcription factor expressed in a
large number of cells and involved in immune and inflamma-
tory responses. It plays a critical role in cell differentiation
and apoptosis, as well as oncogenesis. NF-kB, as a proin-
flammatory signaling pathway, facilitates the inflammatory
reaction by up-regulation of NF-kB target genes encoding
proinflammatory cytokines, chemokines and adhesion mole-
cules. These signals lead to the recruitment and activation of
neutrophils, macrophages and leukocytes to sites of inflam-
mation [25].

NF-kB can modulate the inflammatory response in EAN,
as several studies have demonstrated that the activated p65
of NF-kB was observed in peripheral nerve macrophages in
patients with AIDP or CIDP and EAN [26,27]. The activated
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p65 of NF-xB in T cells and macrophages has a higher inten-
sity at the peak of EAN than the control. The activation of
NF-kB is induced by a large number of potent stimuli, such
as lipopolysaccharide (LPS), TNF-a and IL-1. Activated NF-
kB is responsible for the expression of many proinflamma-
tory cytokines (TNF, IL-1, IL-6 and IL-8), chemokines [28],
adhesion molecules, prostaglandins, reactive oxygen species
[29] and matrix metalloproteinases [30]. P65 is required for
leukocyte recruitment and macrophage activation during the
onset of inflammation [31]. However, recent studies have
found that NF-kB activation promoted neuronal survival
by inducing the transcription of anti-apoptotic genes and a
number of growth factors [32-34]. P65/RelA over-expression
induces the expression of anti-apoptotic gene and protects
neurons from death. NF-kB protected neurons against amy-
loid B-peptide toxicity, glutamate-induced toxicity and exci-
totoxic or oxidative stress [35].

In this work, we found that the application of BAY 11-7082
could reduce the phosphorylation of NF-kB p65, and at the
same time reduce M1 macrophages, increase M2 macro-
phages and reduce proinflammatory factors in vivo. In-vitro
culture of macrophages found that BAY11-7082 could re-
duce the production of macrophages, especially M1 mac-
rophages, while it had little effect on M2 macrophages.
Therefore, we considered that BAY11-7082 could inhibit
the phosphorylation process of NF-kB p65, reduce the pro-
duction of proinflammatory cytokines and, at the same time,
inhibit the formation of macrophages, especially M1 macro-
phages, although its effect on M2 macrophages was not clear.
In addition, previous studies have reported that inhibition of
NF-kB can prolong the inflammatory process and maintain
leukocyte activation [36]. Therefore, the possible effects of
NF-kB mediating macrophage polarization in EAN warrant
further studies.

CONCLUSIONS

Elevated M2 macrophages ameliorated the clinical severity
of EAN by down-regulating the activation of NF-xB p65 and
the accumulation of proinflammatory M1 macrophages and
cytokines. Furthermore, BAY11-7082 as an inhibitor of NF-
kB attenuated EAN through mediating the phenotypical shift
in macrophages from M1 to M2 cells. The anti-inflammatory
effects of BAY11-7082 on EAN probably restore the balance
of M1-M2 macrophages and their cytokines. The NF-kB in-
hibitor may be a potent candidate for the treatment of poly-
neurotic diseases in future.
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